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Noninvasive biomarkers are needed to monitor stable patients after kidney transplant (KT), because subclinical acute rejection (subAR), currently detectable only with surveillance biopsies, can lead to chronic rejection and graft loss. We conducted a multicenter study to develop a blood-based molecular biomarker for subAR using peripheral blood paired with surveillance biopsies and strict clinical phenotyping algorithms for discovery and validation. At a predefined threshold, 72% to 75% of KT recipients achieved a negative biomarker test correlating with the absence of subAR (negative predictive value: 78%-88%), while a positive test was obtained in 25% to 28% correlating with the presence of subAR (positive predictive value: 47%-61%).
The clinical phenotype and biomarker independently and statistically correlated with a composite clinical endpoint (renal function, biopsy-proved acute rejection, ≥grade
| INTRODUC TI ON
Kidney transplant (KT) remains the treatment of choice for most patients with end-stage kidney disease (ESRD), 1,2 but long-term outcomes remain suboptimal. 3, 4 After KT, clinically unsuspected subclinical acute rejection (subAR) occurs in 20% to 25% of patients in the first 12 to 24 months and is associated with de novo donorspecific antibody (dnDSA) formation, interstitial fibrosis/tubular atrophy (IFTA), chronic rejection, and graft loss. [5] [6] [7] [8] [9] [10] [11] [12] [13] Serum creatinine and immunosuppression levels, used almost exclusively to monitor KT recipients, are both insensitive and nonspecific. 14 Surveillance biopsies can be used to monitor patients with stable renal function, but biopsies are invasive and associated with sampling error and there is a lack of consensus around both histologic interpretation (especially for "borderline changes") and the effectiveness of treatment. 5, [15] [16] [17] [18] Moreover, the vast majority (75%-80%) of surveillance biopsy specimens show normal histology (ie, the absence of subAR) and, therefore, expose patients to unnecessary biopsy risks. As a result, the current standard of care in monitoring patients after KT ranges from not using surveillance biopsies at all, to using them selectively in "high-immunologic risk" patients, to routine use in all patients. 19 There is, therefore, a clear need to better detect the presence or absence of subAR, and genomic biomarkers in the blood or urine may provide useful noninvasive monitoring of KT recipients. 17, 20, 21 The Clinical Trials in Organ Transplantation 08 (CTOT-08; NCT01289717) study was designed to develop molecular biomarkers for a number of clinical phenotypes in KT recipients. The focus of the current study was to develop and evaluate the performance and clinical validity of a novel gene expression profile biomarker that correlates with the presence or absence of subAR in the peripheral blood in patients with stable renal function after KT.
| MATERIAL S AND ME THODS
We enrolled 307 subjects after KT into a multicenter 24-month observational study (CTOT-08) between March 2011 and May 2014.
KT recipients underwent surveillance biopsies at 2 to 6, 12, and 24 months after KT as well as for-cause biopsies for acute renal dysfunction ( Figure S1 ). Participating sites that routinely perform surveillance biopsies were geographically selected to provide racial and ethnic diversity. Study inclusion criteria were: male or female KT recipients (negative pregnancy test within 6 weeks of enrollment), age ≥18 years, ability to provide informed consent, and recipient of a first or subsequent KT from either a deceased or a living donor.
Subject with combined or "en bloc" kidney grafts and subjects with HIV or hepatitis C virus infection were excluded.
We contemporaneously enrolled KT recipients into the Northwestern University (NU) transplant program's biorepository study (NCT01531257), with eligibility criteria identical to those of CTOT-08. Patients undergo surveillance biopsies at NU with a frequency similar to that of CTOT-08. Patients who did not participate in CTOT-08 were enrolled into the NU biorepository study.
Clinical care followed a standard practice at each participating center. However, CTOT-08 subjects diagnosed with subAR on a surveillance biopsy, who were managed based on each site's interpretation of the histopathology results, also underwent an intensive monitoring protocol consisting of blood sample collection every 2 weeks for laboratory and biomarker determination and a repeat biopsy at week 8. The intense monitoring (IM) was limited to 1 subAR episode per subject due to the need for a repeat biopsy.
All biopsy specimens were processed locally for routine histology, Simian virus 40, and C4d staining and were centrally read and interpreted by a pathologist using Banff 2007 criteria who was blinded to the clinical course. 22 Clinical phenotypes (CPs) were assigned by the Data Coordinating Center (DCC at Rho Federal Systems) for both the discovery and validation cohorts for each paired sample by using the following predefined algorithm: 2 interstitial fibrosis, and tubular atrophy), as well as with de novo donor-specific antibodies. We also found that <50% showed histologic improvement of subAR on follow-up biopsies despite treatment and that the biomarker could predict this outcome. Our data suggest that a blood-based biomarker that reduces the need for the indiscriminate use of invasive surveillance biopsies and that correlates with transplant outcomes could be used to monitor KT recipients with stable renal function, including after treatment for subAR, potentially improving KT outcomes.
K E Y W O R D S
alloantibody, biomarker, clinical research/practice, clinical trial, genomics, kidney transplantation/nephrology, rejection: subclinical, translational research/science
Transplant excellent (TX [ie, no subAR])
: normal histology on surveillance biopsy (no evidence of rejection: Banff i = 0 and t = 0, g = 0, ptc = 0; ci = 0 or 1 and ct = 0 or 1) AND stable renal function as defined in item 1.
While a previous study has shown that KT recipients with a serum creatinine level >1.5 mg/dL in the first 12 months have worse outcomes compared with those with levels of <1.5 mg/dL, 23 we chose an upper limit of 2.3 mg/dL for 3 reasons: (1) we included a second criterion to ensure stability (<20% change in serum creatinine compared with the minimum of the previous 2 or 3 samples), (2) the follow-up in our study was 24 vs 12 months, and (3) there were very few samples in the group with higher creatinine levels, but all met our histology criteria (Banff ci and ct score = 0 or 1, respectively, and no other findings), eliminating other ongoing causes of renal injury. For these reasons, we did not perform sensitivity analyses for this small group but thought that these patients should be included because they reflect "real-life" patients and because eliminating them from our analyses might have introduced selection bias. No. GSE107509). Background correction based on the discovery data set were saved and applied to all discovery and validation samples by using frozen robust multiarray analysis. 25 Figure S2 illustrates the workflow used for the discovery of the gene expression profile (GEP) and for assessment of biologic relevance. [26] [27] [28] [29] [30] [31] [32] [33] Threshold selection was based on "out-of-bag" performance metrics of the discovery cohort. Based on dichotomous outcomes (either positive or negative predicted probabilities above or below the threshold), profiles were compared with the clinical phenotypes to determine the performance of the classifiers. The independent NU biorepository cohort was used to externally validate the locked model/threshold discovered on the CTOT-08 cohort.
While sample-level predefined algorithms were used to define To assess the impact of both CP and GEP on transplant outcome in the first 12 months (clinical composite or individual endpoints), at 24 months, we used odds ratios (ORs) and the Fisher exact test. The 2-sample t test was used to assess the ability of GEP-predicted probabilities during IM to detect resolution of subAR based on the repeat biopsy. Analysis of covariance was used to adjust for differences in predicted probabilities at baseline.
The CTOT-08 and NU biorepository studies were both subject to IRB approval, and informed consent was obtained from all patients.
Oversight by the DCC included development of the study protocol, classification of CPs at the sample and patient levels, review of clinical site visits, monitoring of clinical data for integrity, review of clinical site visits, independent validation of all analyses related to clinical profile and GEP, associations between the CPs and endpoints, and manuscript preparation. Table 1 shows the donor and recipient subject-level demographics by CP for both the CTOT-08 and NU biorepository patient cohorts.
| RE SULTS
There were no discernable differences in demographics includ- and Genomes (KEGG) pathway (P < .001). In both the CTOT-08 and the NU data sets, DAVID was also used to identify the B cell receptor, T cell receptor, and intereukin-2 receptor β-chain pathways as significant by the canonical KEGG pathways (P = .0002, .01, and
.03, respectively). In addition, Tables S1A and S1B and Figures S5A and S5B illustrate the preranked gene set enrichment analysis for the CTOT-08 and NU biorepository data sets, further demonstrating biologic relevance of the genes populating the model. and had sufficient clinical data to also define the CCE. Figure 2C (GEP and CCE) shows values of 66.7% (group 1) versus 37.3% (group 2) (OR 3.4, 95% CI 1.3-9.3, P = .009) and 48.6% (group 3) versus 37.3% (group 2) (OR 1.6, 95% CI 0.8-3.0, P = . 17 ). An analysis of the individual components of the CCE revealed that only BPAR showed a significant difference when comparing subjects in groups 2 and 1 (P = .003).
We also conducted an analysis of the association between the CP and GEP at 12 and 24 months and the development of dnDSAs by the end of the study period (24 months after KT). Figure 2B (CP and dnDSAs) shows that at 12 months, there was a significant difference . A predicted probability threshold of 0.375 was selected, yielding an overall accuracy of 0.81, specificity and negative predictive value (NPV) (87% and 88%, respectively) over sensitivity, and positive predictive value (PPV) (64% and 61%, respectively). The classifiers consisted of 61 probe sets mapping to 57 genes [Color figure can be viewed at wileyonlinelibrary.com] between groups 1 and 2 (class I P < .01, class II P = .02) and between groups 3 and 2 (class I P = .02, class II P < .01). At 24 months, differences were noted between groups 1 and 2 (class I P = .01, class II P = .01) and between groups 3 and 2 (class II P < .01). Figure 2D (GEP and dnDSAs) shows that at 12 months, dnDSA class I was significantly higher in group 1 than in group 2 (P = .03). At 24 months, differences were noted between groups 1 and 2 (class I P = .01, class II P = .04) and between groups 3 and 2 (class II P = .01). Figure 3 shows the results of the IM protocol just described.
While the local histology report for the surveillance biopsy was used to determine management, central reports were used to compare the baseline with the subsequent 8-week biopsies. Twenty-three subjects had the requisite serial data to be included in this analysis; 11 (47.8%) (3 untreated; 9 borderline, 2 grade 2A) showed histologic resolution and 12 (52.2%) (1 untreated; 6 borderline, 3 grade 1A, 2 antibodymediated rejection [AMR], 1 borderline plus AMR) showed persistent or worsening rejection, including 11 (58%) of 19 who underwent treatment. Significant differences between the 2 groups in the predicted probability were observed at 4 (P = .014) and 8 (P = .015) weeks. When values were adjusted for differences in baseline probabilities, these comparisons remained significant. Changes in the change in probability scores (slope) between baseline and 4 (P = .045) and 8 weeks (P = .023) also differed between the 2 groups. We were interested to note that the differences in predicted probability scores between the 2 groups did not reach statistical significance (P = .073), consistent with the finding that 7 of 11 biopsies with histologic subAR at baseline
TA B L E 2 Classifier Performance on Discovery and Validation Sets by Locked Classifier/Threshold Following Random Forests Model Selection
We tested the locked model classifiers at the defined threshold (0.375) first on 138 subjects from the Northwestern University (NU) biorepository (validation set 1) who had undergone surveillance biopsies (subclinical acute rejection 2) ; performance metrics consisted of NPV of 80% and PPV of 47%. The biomarker test results were interpreted dichotomously as "positive" (ie, correlating with a clinical phenotype of subAR) if the probability exceeded the 0.375 threshold and "negative" (ie, correlating with TX) if <0.375. To translate the performance of the biomarker into a narrative more relevant to clinical application, we sought to calculate our ability to diagnose the presence or absence of subAR in any given sample, taking into consideration the prevalent incidence of both subAR and TX compared with the frequency of a correct positive versus negative biomarker test result. Accordingly, we made a negative call (no subAR) in 72% to 75% of the patients (NPV 78%-88%) versus a positive call (subAR) in 25% to 28% of the patients (PPV 47%-61%). were below the 0.375 threshold (biomarker negative) in the "resolved" group that included 3 untreated subjects, whereas 8 of 12 were above the threshold (biomarker positive) in the "unresolved" group.
F I G U R E 2

| D ISCUSS I ON
We developed a blood-based molecular biomarker that correlates with the presence or absence of subAR on surveillance biopsies. Our data also show that this novel biomarker, derived from biologically relevant differentially expressed genes between the CPs of subAR and TX, also correlates with transplant outcomes.
Several studies have previously shown that GEPs in both urine and peripheral blood can detect KT rejection in the setting of graft dysfunction. The CTOT-04 study 34 reported a 3-gene signature in urine samples capable of detecting acute KT rejection. While the authors included analyses of samples obtained before the clinical event, suggesting the potential to detect subAR, urine samples paired with surveillance biopsies were not specifically studied.
Similarly, the CTOT-01 study 35 reported that urine CXCL9 protein, in the absence of coincident infection, was able to detect clinically evident acute rejection (Banff grade ≥I). These authors also noted that the presence of this protein frequently preceded renal dysfunction, but subAR was not the focus of the study. Others have also reported
GEPs in the peripheral blood diagnostic of acute KT rejection 24, 36 only in the context of renal dysfunction. A more recent study reported that donor-derived cell-free DNA 37 in the peripheral blood of KT recipients was able to detect severe graft injury secondary but was not specific to rejection in patients who underwent a biopsy to investigate renal dysfunction. 38 Molecular detection of subAR in peripheral blood has been more specifically addressed in recent studies. The kidney Solid Organ
Response Test (kSORT), used in both the AART 39 and ESCAPE 40 studies, primarily predicted acute KT rejection; in the multicenter AART study, only a proportion of blood samples were paired with surveillance biopsies. When paired biopsies were used, central histology reports were not used to assign CPs when training the models. Moreover, the authors used best-fitting models, indeterminate values, and nonprevalent cohorts, potentially skewing performance metrics. 41, 42 The single-center ESCAPE study used blood samples paired with surveillance biopsies at 6 months posttransplant to show that kSORT, when used in combination with pretransplant enzymelinked immunospot (ELISpot) assays, a measure of donor alloreactivity, predicted subAR. However, in a subsequent report, the same authors combined surveillance biopsies with serial ELISpot assays in a separate patient cohort, but not kSORT, to predict subAR as well as worse renal function and the emergence of dnDSAs. 43 Another study, which paired blood samples with biopsies, was able to discover GEPs for subAR in both the blood and graft compartments, but these were not subjected to external validation using independent cohorts. Instead, the authors showed in a proof-of-concept study that orthogonal validation could be achieved across different genomic technologies and platforms. The clinical significance of Banff borderline changes has been debated in the past 45 and remains a topic of active deliberation. 18 Using both a CCE and dnDSAs, our study clearly shows a significant association between the CP of subAR with worse transplant outcomes at 24 months, despite the fact that the vast majority of subAR found on our surveillance biopsies consisted of Banff borderline changes. We also noted that the majority of subAR was associated with T cell-mediated inflammation. This is mechanistically important given that some continue to argue that T cell-mediated acute rejection is not a major factor in the development of IFTA and antibody-mediated chronic rejection, 46 while others continue to defend the causative role of these effector cells in the development of IFTA and chronic rejection, [47] [48] [49] including the most recent Banff consensus report. 50 An important determinant of the clinical validity of a biomarker is to demonstrate a biologically plausible association with a clinically significant outcome. 51, 52 Therefore, our study sought to determine whether a blood-based molecular biomarker that correlates with subAR could also associate independently with worse 24-month transplant outcomes. To our knowledge, no previous peripheral blood or urinary biomarker studies have demonstrated an impact on transplant outcomes; these associations have been made instead by inference. Our study clearly shows that a GEP that correlates with the absence or presence of histologic subAR independently associates with worse 24-month transplant outcomes and the development of dnDSAs, demonstrating clinical validity. Moreover, while the sample size was relatively small, data from our IM protocol suggest that biomarker probability correlated statistically with histologic resolution of subAR and that, in the majority of patients, the biomarker at baseline and at 4 and 8 weeks after the initial surveillance biopsy predicted resolution, suggesting potential clinical utility to monitor treatment of subAR in the context of a stable creatinine level. These novel data, including the lack of histologic response in the majority of patients treated for subAR, may help explain why a previous single-center randomized controlled study failed to show that treatment of subAR was effective. 53 The findings that our biomarker associates with transplant outcomes independent of the CP despite the occasional discordance with the histologic phenotype, including the IM, have caused us to question the role of a paired biopsy as the "gold standard" for measuring the performance of a blood-based molecular biomarkers. This is especially relevant for borderline changes, the predominant histologic finding in patients with subAR. Biopsies are known to be associated with sampling error and variability in interobserver interpretation, especially for borderline changes, despite the use of standardized classifications. We interpret a positive blood-based biomarker test as a potentially actionable signal of alloimmune activation and impending graft injury that correlates with outcomes but that may have some degree of variation in correlation with histology based on chronology and on differences in the immunologic compartment.
Our study has several potential limitations. While the CTOT-08 study aims to develop biomarkers for a number of CPs, the stated focus of the current study was subAR in patients with stable renal function. We anticipate that the current biomarker will be used to monitor stable patients while using all other standard clinical and laboratory information, including viral assays for BK virus and graft biopsies when indicated. We arbitrarily selected a probability threshold with a balanced emphasis on NPV over PPV in order to optimally reduce the indiscriminate use of invasive surveillance biopsies in patients stratified as having a lower risk of harboring subAR. Despite important differences, an analogous stratification approach is currently used in clinical practice to monitor heart transplant patients.
54
Also, validation in a separate cohort using a locked model/threshold resulted in a slight expected reduction in the predictive performance of the classifier. A comparable effect has been previously observed in a similar study, 34 but not in others, when less stringent validation methods are used. 41, 55 We tested the performance of the biomarker in the validation cohort at a single defined probability threshold defined as a single point of the receiver operating characteristic and AUC rather than allowing for the use of a distribution of several "fit-for-purpose" thresholds along the curve. There are other potential limitations inherent to observational studies. To mitigate these, we selected centers with diverse populations, remained agnostic to immunologic risk or immunosuppression regimen, used clinical algorithms blinded to biomarker development, included many confounders known to corrupt primary analyses, used real-time monitoring by an independent DCC of sample collection to identify and resolve sources of missing data, applied central biopsy reports, and used ComBat adjustment 26, 27 for batch variation.
Taken together, our data suggest that the serial use of a novel biomarker that correlates with the absence of subAR and that demonstrates clinical validity may reduce the need for the routine and indiscriminate use of invasive surveillance biopsies in the majority of stable patients after KT, allowing for a biomarker stratified approach for those at a higher risk of harboring subAR. By providing molecular information that can inform personalized clinical management, such a monitoring strategy could potentially lead to improved outcomes after KT.
F I G U R E 3 Predictive probabilities after diagnosis and treatment of subclinical acute rejection (subAR). Gene expression profile (GEP)-based probability scores for intense monitoring (IM) subjects (n = 23) were determined every 2 weeks (IM visits 1-4) after the diagnosis of subAR. While treatment was triggered by the local biopsy report in 19 of 23 subjects, resolution of subAR was assessed by comparing the centrally read histologic findings of the baseline biopsy to the repeat biopsy done at 8 weeks. Of 23 subjects (8 treated), 11 showed improvement of the biopsy (resolved [red lines]), whereas 12 (11 treated) showed either no improvement or worsening (unresolved [black lines]) rejection. Trends in probability scores are shown for the 2 groups on the left and for individual subjects on the right. There were differences in baseline predictive probabilities that did not reach significance (P = .073). Significant differences were seen between the group with resolution of subAR compared with the unresolved group in the predicted probabilities of the subAR gene expression profile at 4 (P = .014) and 8 (P = .015) weeks. When baseline values were adjusted, these differences remained significant between the 2 groups, as did the slope between baseline and 4 (P = .045) and 8 weeks (P = .023)
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